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DELAY-LOCK-LOOP WITH 
IMPROVED ACCURACY AND 

RANGE 

Background of the Invention 

[0001] Field of the Invention 

[0002] The present invention generally relates to delay-lock-loop circuits, and more 

particularly to a delay-lock-loop circuit with an adjustable delay chain that does not 
require a digital to analog converter. 

[0003] Description of the Related Art 

[0004] Delay-lock-loop (DLL) circuits can be used to create, control, or modify clock 
signals, either within a semiconductor device or between several semiconductor 
components. Figure 1 demonstrates a first clock signal (KCLK) and three additional 
clock signals (KCLKB, KCLKC, and KCLKD), which have been derived from the first 
clock. In this example, the derived clocks have been phase shifted from the first clock 
by 90o, 1 80o, and 270o, respectively. One application for these derived clocks is to 
synchronize different components within a system by providing specific clock edges 
for each component. Data signals that are aligned with the first clock signal, and 
transition on both the rising and falling edges of the first clock, can be sampled by 
another circuit or component by clock signals KCLKB and KLCKD, respectively. These 
clock signals have been phase shifted by 90o from the rising and falling edges, such 
that they will be exactly positioned between the transitions of the aligned data signal 
and will sample the data in the middle of the data valid window. 

[0005] Creating, controlling, and modif/ing clock signals with a DLL circuit has been the 
subject of conventional devices. The basic premise behind the DLL circuit is to provide 
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an adjustable delay circuit that can be tuned to match the frequency of a supplied 
clock signal, and then using this tuned delay to create the modified clock signals. 
Once a circuit element is tuned to match the base clock, it is relatively straightforward 
to derive phase shifted clocks, delayed clocks, or clocks that operate at a multiple of 
the supplied clocks' frequency. 

[0006] Figure 2 shows an example of a prior art DLL design, wherein a clock signal 1 00 is 
received by clock buffer 101 which generates internal clock CLKIN 1 10. The internal 

clock drives into the delay circuit 120, which is comprised of individual delay elements 
121. In this instance, the individual delay elements 121 are comprised of two 
inverters, or the minimum digital delay element for the given technology. Outputs 
from each stage of the delay chain (da, db, dc, dn) are fed into a logic block known as 
a mux (multiplexer) tree 1 50, which is used to steer a specific delay value to the 
appropriate phase vectors 155. The number of delay elements required for each phase 
is determined by comparing the original clock input 1 10 to the desired phase vector 
1 3 5 for 360o with the phase compare logic 1 30. The mux tree controls 1 40 receives 
the output of the phase comparator and then adjusts the mux tree inputs depending 
on whether more, or fewer, delay elements are needed to be able to match the 
incoming clock frequencies. 

[0007] Prior art DLL circuits designed in the manner of Figure 2 suffer from several 

problems, most of which relate to the minimum delay step. Because this style of DLL 
uses fixed delay elements, the accuracy of the phase alignment is limited to this 
minimum delay. Known as clock jitter, the error in accurately reproducing phase 
vectors directly limits the maximum frequency of a given system. Even with advanced 
technologies the minimum delay element might be in the order of 20ps, a significant 
amount when designing a clock that might need to capture data within a 200ps 
window. Using these advanced technologies at slower cycles reveals another problem 
with this style of DLL; the large number of minimum delay elements required to match 
the lower frequency and the resulting complexity of the mux tree and mux tree logic. 
As the mux tree grows, it becomes increasingly difficult to match all paths through 
the tree, and therefore clock jitter worsens. 

[0008] 

To eliminate the shortcomings inherent with the fixed delay element style of DLL 
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(Figure 2) an analog approach has been proposed in United States Patent Number 
6,125,1 57 issued to Donnelly et. al., further illustrated in Figure 3, wherein a block 
diagram of this DLL approach is given. A number of adjustable analog delay circuits 
210 replace the fixed delay elements. In this approach four adjustable delay circuits 
are used to provide four clock phases. In practice, any number of delay elements can 
be used to provide any number of additional clock phases. Only the output from the 
last adjustable delay circuit Phase 360o is used to compare with the incoming clock 
21 5 at the phase comparator 220. 

[0009] Moreover, the mux tree has been eliminated. In this DLL style, the delay chain is 
essentially stretched and compressed by controlling the delay through each of the 
analog delay elements until the output from the last delay element (Phase 360o) aligns 
with the Incoming clock. The analog delay elements will vary by a very small amount 
compared with the fixed digital delay element (basically two inverters) and the 
complex mux logic has been eliminated. In place of the mux logic is a digital to 
analog converter 250 which must translate the digital output from the phase 
comparator and counter control 240 to analog signals. The digital to analog converter 
(DAC) will vary the current to each of the analog delay elements, therefore varying the 
amount of delay. Although this analog approach to the DLL circuit solves some of the 
aforementioned problems it has drawbacks of its own. Analog circuits are more 
complex than digital ones and are difficult to scale from one technology to another, 
especially at reduced voltages. Also, analog circuits consume more design resources 
than purely digital designs and are therefore very costly. Therefore, there is a need for 
a novel digital DLL circuit with an adjustable delay chain that does not require a digital 
to analog converter (DAC). 

Summary of the Invention 

[0010] 

The present invention has been devised to provide a structure and method for a 
delay-lock-loop circuit with improved accuracy and range. There is provided, 
according to one aspect of the Invention, a digital Delay-Lock-Loop (DLL) circuit and a 
method for producing a phase shift comprising a phase generator producing a first 
and second clock signal having a first and second rising edge, respectively, wherein a 
timing difference between the first and second rising edges is equal to a desired cycle 
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time; a delay circuit operable to receive the first clock signal and to produce a delayed 
clock signal; and a latch element connected to the delay circuit, which is operable to 
check whether the delayed clock signal is delayed by an amount equal to the desired 
cycle time, wherein the delay circuit comprises a plurality of serially connected binary- 
weighted inverters, which are operable to adjust a delay of the delayed clock signal to 
be equal to the desired cycle time; and a phase-shifted delay circuit connected to the 
delay circuit, which is operable to produce multiple degrees of phase shift of the 
delayed clock signal. 

[001 1] The DLL circuit further comprises a filter connected to the latch element, wherein 
the filter is operable to send a final value of the delayed clock signal to the phase- 
shifted delay circuit. Also, the DLL circuit further comprises a digital average function 
generator connected to the filter, wherein the digital average function generator is 
• operable to instantaneously average the previous eight comparisons of the delayed 
clock signal with the desired cycle time to produce a final value. 

[0012] Alternatively, there is provided a digital Del ay- Lock- Loop (DLL) circuit comprising 
a phase generator receiving a clock signal and outputting a first clock line and a 
second clock line, wherein a timing difference between the first clock line and the 
second clock line is equal to a desired cycle time; a first delay circuit receiving the first 
clock line and outputting a delayed clock signal; a second delay circuit receiving the 
delayed clock signal, wherein the second delay circuit produces a phase shift of the 
delayed clock signal; and a latch element operatively connected to the first delay 
circuit, wherein the latch element compares whether the delayed clock signal is 
delayed by an amount equal to the desired cycle time, and wherein the phase shift 
comprises multiple degrees of phase shift. 

[0013] 

The delay circuit further comprises a plurality of serially connected binary- 
weighted delay elements, wherein the delay elements are operable to adjust a delay of 
the delayed clock signal to be equal to the desired cycle time. The DLL circuit further 
comprises a register connected to the latch element, wherein the register is operable 
to send a final value of the delayed clock signal to the phase-shifted delay circuit. 
Moreover, the DLL circuit further comprises a digital average function generator 
connected to the register, wherein the digital average function generator is operable 



APP ID=1 0065840 



Page 4 of 27 



«.J!.. lj„.J} ^„Ji Ui «=li=. .-U- -«-3S iJ«... 

to instantaneously average the previous eight comparisons of the delayed clock signal 
with the desired cycle time to produce the final value. 

[0014] A method of producing a phase shift In a digital DLL circuit is provided, wherein 
the method comprises, first, generating a first clock signal having a first rising edge 
and a second clock signal having a second rising edge from a phase generator, 
wherein a timing difference between the first rising edge and the second rising edge 
is equal to a desired cycle time. The second step involves sending the first clock signal 
to a delay circuit. Then, the next step involves generating a delayed clock signal in the 
delay circuit. Thereafter, the next step involves comparing a delay of the delayed clock 
signal with the second clock signal in a latch element, wherein the latch element is 
connected to the delay circuit. The next step involves adjusting the delay circuit such 
that the timing of the delayed clock equals the timing of the second clock signal. The 
next step involves generating a phase shift of the delayed clock signal in a phase- 
shifted delay circuit, wherein the phase shift comprises multiple degrees of phase 
shift. 

[001 5] The method further comprises adjusting the delay of the delayed clock signal to 
be equal to that of the desired cycle time, wherein the step of adjusting occurs by 
controlling a plurality of binary-weighted Inverters, which are included in the delay 
circuit. Moreover, the method further comprises transferring the final values 
controlling the binary-weighted inverters to the phase-shifted delay circuit, wherein 
the step of transferring is performed by a filter connected to the latch element. Also, 
the method further comprises Instantaneously averaging the previous eight 
comparisons of the delayed clock signal with the desired cycle time to produce the 
final value, wherein the step of averaging occurs in a digital average function 
generator connected to the filter. 

[0016] 

The advantages of the present invention over other DLLs are the following. First, 
the DLL circuit of the present Invention is extremely accurate at fast frequencies, 
wherein the faster the cycle time, the more accurate. Second, implementation of the 
present invention uses a "mimic" delay line for providing the phase shift. This 
eliminates complex multiplexer-tree logic that hinders the accuracy of the DLL. Also, 
the DLL of the present invention requires very few cycles for "locking" after power-up. 
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Most DLLs require an excess of 32K cycles. The faster the frequency, the .fewer the 
locking cycles. At 500MHz, about 700 cycles are required for locking. 

[001 7] Moreover, the effects of across chip line-width variations (ACLV) and others 

process variations are virtually eliminated by using a novel delay-line layout technique 
of the present invention where the phase delay is embedded into the main DLL delay 
using identical delay elements. Further, the DLL of the present invention is very 
flexible by providing many phases to choose from. The number of potential phases 
equals the cycle time divided by the number of delay elements. For example, if the 
cycle time is 2.0ns and the number of delay elements is 32, then phase-shifted clocks 
can be provided occurring at 62ps increments from 0 to 2.0ns. Another advantage of 
the present invention is that the design complexity is rather small, and offers the 
following: technology scalability, technology portability, and fast design cycle times. 
Furthermore, the present invention accomplishes all of the above in a very simplified 
design using an adjustable delay chain circuit that does not require a digital to analog 
converter (DAC). Finally, the present design provides a stretchable delay circuit with a 
tuneable inverter element, which is both accurate and easily migrated between 
technologies. 

Brief Description of the Drawings 

[0018] The Invention will be better understood from the following detailed description of 
a preferred embodiment(s) of the invention with reference to the drawings, in which: 

[0019] Figure 1 is a schematic diagram of various clock signal derivation approaches; 

[0020] Figure 2 is a schematic diagram of a conventional DLL circuit; 

[0021] Figure 3 is a schematic diagram of a conventional DLL circuit; 

[0022] Figure 4 is a schematic diagram of a DLL circuit according to the present 
invention; 

[0023] Figure 5 is a schematic diagram of clock signal waveforms generated from the DLL 
circuit of Figure 4; 

[0024] Figure 6 is a schematic diagram of clock signal generation; 
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[0025] Figure 7 is a schematic diagram of the delay elements of the DLL circuit of Figure 
4; 

[0026] Figure 8(a) is a schematic diagram of the latch element of the DLL circuit of Figure 
4; 

[0027] Figure 8(b) is a schematic diagram of the delay elements of the DLL circuit of 
Figure 4; and 

[0028] Figure 9 is a flow diagram illustrating a preferred method of the Invention. 

Detailed Description of Preferred Embodiments of tlie Invention 

. [0029] As previously mentioned, there is a need for a novel digital DLL circuit with an 
adjustable delay chain that does not require a digital to analog converter. Referring 
now to the drawings, and more particularly to Figures 4 through 9, there are shown 
preferred embodiments of the method and structures according to the present 
invention, in which there is provided a digital DLL circuit design which has improved 
accuracy and range. 

[0030] In Figure 4 there is shown a digital Delay-Lock-Loop (DLL) circuit 300 comprising 
a C1/C2 clocks phase generator 302, which receives a clock signal KCLK, and 
produces a first clock signal KCLK8C1 and a second clock signal KCLK8C2 having a 
first and second rising edge, respectively, wherein a timing difference between the 
first and second rising edges is equal to a desired cycle time. These clocks KCLK8C1 , 
KCLK8C2 are shifted in time by one cycle and have a cjock high time of two cycles. 
They re-occur again every eight cycles. The waveforms associated with the DLL circuit 
300 are further illustrated in Figure 5, which shows the shift of the various clock 
signals. A three-bit linear counter shown as registers 309 in Figure 6 provides the 8- 
cycle frequency. Moreover, the values of the counter must be continuously registered 
in order to preserve a perfect 1 -cycle block shift between clock signals KCLK8C1 and 
KCLK8C2. 

[0031] 

The DLL circuit 300 also includes a delay circuit 304 operable to receive the first 
clock signal KCLK8C1 and to produce a delayed clock signal CI . Also shown is a latch 
element 306 connected to the delay circuit 304, wherein the latch element 306 is 
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operable to check whether the delayed clock signal CI is delayed by an amount equal 
to the desired cycle time. Next, as best seen in Figure 7, a plurality of serially 
connected binary-weighted inverters 308 are connected to the delay circuit 304, 
which are operable to adjust the delayed clock signal CI to be equal to that of the 
desired cycle time. The DLL circuit 300 further comprises a phase-shifted delay circuit 
310 connected to the delay circuit 304, which is operable to produce multiple degrees 
of phase shift DKCLKF, DKCLKR of the delayed clock signal CI . 

[0032] The DLL circuit 300 also includes a register (filter) 312 connected to the latch 
element 306, wherein the filter 312 is operable to send a final value of the delayed 
clock signal CI to the phase-shifted delay circuit 31 0. Furthermore, the output of 
filter 31 2 is a single signal that controls whether the counter 314 counts up or down. 
A 7-bit binary count output from counter 314 is used as the controlling signals (after 
the filter) for the delay elements 308 and the phase-shifted delay circuit 31 0. Also, 
the DLL circuit 300 further comprises a digital average function generator 318 
connected to the filter 312, wherein the digital average function generator 31 8 is 
operable to instantaneously average the previous eight comparisons of the delayed 
clock signal CI with the desired cycle time to produce a final value, which is outputted 
through a multiplexer 320 onto the phase-shifted delay circuit 310. 

[0033] Other elements of the DLL circuit 300 include the 7-bit up/down counter 314 
operatively connected to the filter 312 and to a logic circuit 316. Also, shown is a 
reset logic circuit 322 which receives a RESYNC instruction upon reset of the DLL 
circuit 300 during power-up, and after the reset allows the DLL circuit 300 to start 
with minimum delay. 

[0034] The operation of the DLL circuit 300 occurs when a first clock line KCLK8C1 

connects to a delay circuit 304 ("X-DELAY CHAIN" circuit) to produce a delayed clock 
signal CI . The X-Delay chain 304 comprises a series of (serially connected) binary- 
weighted inverters 308 that are adjusted to "fit" the cycle time of operation. 
Furthermore, a second clock line KCLK8C2 connects to the latch element 306 and a 
counter 314, further described below. 

[0035] If clock signal KCLK8C1 goes high, then clock signal KCLK8C2 latches the value of 
delayed clock signal CI on the next cycle. If delayed clock signal CI is latched as a 
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high, then more delay is added to the X-delay chain circuit 304. High refers to the 
logic state of the clock signal. It is either high at the power supply voltage or low at 
ground. High would be a logic "1", while low would be a logic "0". The KCLK8C2 clock 
is used to capture the state of the delayed KCLK8C1 signal (CI) at latch 306. If it 
captures a high, then CI has transitioned from a low to high prior to KCLK8C2 going 
high, which means it needs to be delayed more to be able to match the delay for one 
clock cycle. If it captures a low, then CI has been delayed too much and the delay 
through the delay chain needs to be decreased. This process continues until the 
delayed clock exactly matches clock KCLK8C2. When this happens the delay chain will 
exactly represent the delay required for 1 clock cycle, and clock phases can be 
obtained by using fractional sections of this delay chain 310. The delay is controlled 
by the 7-bit up/down counter 314 that reacts to the outcome of the latch element 
306. As the delayed clock signal CI continues to extend, it is ultimately latched as a 
low. At this point, the time delay though X-delay 304 exactly equals the cycle time of 
the incoming clock and the DLL is considered "locked-in" or simply "locked". The 
result from the latch element 306 Is filtered through a register 312 one clock cycle 
after clock signal KCLK8C2 transitions to prevent a potential metastability condition 
from propagating to the counter 314. 

[0036] Metastability is an undesirable condition. It occurs when a latch cannot resolve its 
state, resulting in the latch becoming locked in a state between a logic "1" and logic 
"0". When the delayed clock starts to become equal to the clock cycle time, and latch 
306 just changes from latching in a high to latching in a low, it can be possible for 
latch 306 to become metastable. The register (filter) 31 2 is used to prevent a 
metastable state in latch 306 from propagating into the up/down counter 314, as a 
metastable input to the counter could cause It to fail. Furthermore, the counter 314 is 
incremented/decremented one cycle after the UP/DOWN control is registered. 
Moreover, the counter 314 is protected from over/under flow (via the logic circuit 
316) and it is reset at power-up (via the reset logic circuit 322). 

[0037] gy resetting the counter 314 at power-up, the feedback count (FCOUNT<0:6>) to 
the X-delay chain 304 is set to a maximum count to provide the smallest delay. This 
feature provides cycle coherency by always causing the counter 314 to count in the 
correct direction of clock signal KCLK8C2 at power-up, thereby causing the counter 
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3 1 4 to start counting down to delay CI . 

[0038] The output of the feedback count FCOUNT <0:6> is fed to an oscillation-control 
filter 31 8. This filter 318 selects the lower of two counts: present cycle and last cycle 
counts. The filter 3 1 8 generates a final value count COUNT<0:6> to the phase-shift 
delay chain circuit (l/X DELAY CHAIN) 310 which is oscillation free. For example, once 
the delayed clock signal CI exceeds the timing of clock signal KCLK8C2, the delayed 
clock signal CI is latched low, instructing the counter 314 to count UP. Thus, during 
the next cycle, the delayed clock signal CI is faster than clock signal KCLK8C2 and it 
is latched high, instructing the counter 314 to count DOWN. This oscillation of the 
counter control 324 and feedback count FCOUNT<0:6> occurs when the optimum 
delayed clock signal CI delay is produced. Moreover, the locked count to the phase- 
shifted delay is filtered from this oscillation. The phase delays are further explained in 
Figure 7. 

[0039] Figure 7 shows both the X-delay chain 304 and the 1 /X-delay chain (phase shift 
delay chain) 31 0 for a 90-degree clock shift example. The delay chains 304 comprise 
a series of serially connected binary -weighted delay elements 308. The phase-shifted 
delay chain 310 is an exact multiple of the X-delay chain 304. For the 90-degree 
example given below, the phase-shift delay chain 310 takes 1 /4 of the total delays of 
the X-delay chain 304. By design, this mimic delay is naturally 1 /4 of the delay of the 
entire X-delay, thus producing the 90-degree shift. As a result, complex multiplexer 
trees, which are prevalent in conventional designs, are unnecessary to implement the 
phase-shifted clocks. 

[0040] As implemented, the binary-weighted delay elements 308 produce extremely 

accurate results due to having a charge-sharing and load capacitor embedded in the 
topology, wherein the capacitor absorbs the stack-node charge. These results are 
achieved especially at fast cycle times where the accuracy is most important. In fact, 
by utilizing a binary-weighted delay implementation, the faster the cycle time, the 
smaller the jitter. 

[0041] ji^g \eLtch element 306 is further shown in Figure 8(a). The trip points of inverters 
14, 15, and 17 are skewed to prevent signal DOWN from switching whenever the latch 
306 is trying to resolve a mestastable level. This occurs whenever delayed clock 
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signals CI and C2N transition with no setup/hold times. Figure 8(b) shows the layout 
topology used for the delay elements in order to minimize ACLV effects. ACLV 
describes how much a printed shape's width varies across a chip. In this instance, the 
line width describes the FET channel length. Minimizing variations on a chip or within 
a circuit Is very important to maintain accuracy. 

[0042] As shown, a unique feature of the present invention is that delay elements 328 
used in the phase-delay chain 3 1 0 are intermixed with the main DLL delay elements 
326 of the delay chain 304. Moreover, such a delay element layout topology, wherein 
the phase-delay elements 328 (mimic delays) which produce the phase shift within 
the delays which compare the cycle time are physically embedded with the delay 
elements 326 minimizes the ACLV. If shifts occur in Leffs, both delays are affected 
almost equally. In fact, the difference in timings from the localized variations is less 
than 1 5ps for a 5ns cycle. For a 2ns cycle, the difference in timings is less than 5ps. 
Leff is the FET device effective channel length, wherein the effective channel length 
will determine a device's performance and is directly affected by line-width variations. 

[0043] A method of producing a phase shift In a DLL circuit 300 is provided in the flow 
diagram shown In Figure 9, wherein the method comprises generating 400 a first 
clock signal KCLK8C1 having a first rising edge and a second clock signal KCLK8C2 
having a second rising edge from a phase generator 302, wherein a timing difference 
between the first rising edge and the second rising edge is equal to a desired cycle 
time. The second step involves sending 405 the first clock signal KCLK8C1 to a delay 
circuit 304. Then, a delayed clock signal CI is generated 41 0 in the delay circuit 304. 
Thereafter, the delay of the delayed clock signal CI is compared 41 5 with the desired 
cycle time in a latch element 306, wherein the delay circuit 304 comprises the latch 
element 306. Next, a phase shift DKCLKF. DKCLKR of the delayed clock signal CI Is 
generated 420 in a phase-shifted delay circuit 310, wherein the phase shift DKCLKF, 
DKCLKR comprises multiple degrees of phase shift. 

[0044] 

The method further comprises adjusting 425 the delay of the delayed clock signal 
CI to be equal to that of the desired cycle time, wherein the step of adjusting 425 
occurs in a plurality of binary-weighted inverters 308, which are in the delay circuit 
304. Moreover, the method further comprises transferring 430 a final value of the 
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delayed clock signal CI to the phase-shifted delay circuit 31 0, wherein the step of 
transferring 430 is performed by a filter 312 connected to the latch element 306. 
Also, the method further comprises instantaneously averaging 43 5 the previous eight 
comparisons of the delayed clock signal CI with the desired cycle time to produce the 
final value, wherein the step of averaging 43 5 occurs in a digital average function 
generator 318 connected to the filter 312. 

[0045] The advantages of the present invention over other DLLs are the following. First, 
the DLL circuit of the present invention is extremely accurate at fast frequencies, 
wherein the faster the cycle time, the more accurate. Second, implementation of the 
present invention uses a "mimic" delay line for providing the phase shift. This 
eliminates complex multiplexer-tree logic that hinders the accuracy of the DLL. Also, 
the DLL of the present invention requires very few cycles for "locking" after power-up. 
Most DLLs require an excess of 32K cycles. The faster the frequency, the fewer the 
locking cycles. At 500MHz, about 700 cycles are required for locking. 

[0046] Moreover, the effects of across chip line variations (ACLV) and others process 

variations are virtually eliminated by using a novel delay-line layout technique of the . 
present invention where the phase delay is embedded Into the main DLL delay using 
j . identical delay elements. Further, the DLL of the present Invention is very flexible by 
providing many phases to choose from. The number of potential phases equals the 
cycle time divided by the number of delay elements. For example, if the cycle time is 
2.0ns and the number of delay elements is 32, then phase-shifted clocks can be 
provided occurring at 62ps increments from 0 to 2.0ns. Another advantage of the 
present invention is that the design complexity is rather small, and offers the 
following: technology scalability, technology portability, and fast design cycle times. 
Furthermore, the present invention accomplishes all of the above in a very simplified 
design using an adjustable delay chain circuit that does not require a digital to analog 
converter (DAC). Finally, the present design provides a stretchable delay circuit with a 
tuneable inverter element, which is both accurate and easily migrated between 
technologies. 

[0047] 

While the invention has been described in terms of preferred embodiments, those 
skilled in the art will recognize that the invention can be practiced with modification 
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within the spirit and scope of the appended claims. 
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